SUMMARY In 30 patients with diabetic neuropathy sensory potentials in the median nerve, motor conduction in the lateral popliteal and median nerves, and electromyographic findings in distal and proximal muscles were compared with the severity of symptoms and signs. All patients had abnormalities in at least one of the electrophysiological parameters. The sensory potentials were the most sensitive indicator of subclinical involvement; abnormalities were found in 24 patients, 12 of whom had no sensory symptoms or signs and five of whom had no other clinical or electrophysiological evidence of neuropathy in the upper extremities. This indicates that sensory nerve fibres may be affected before motor. The next most sensitive parameter was the presence offibrillation potentials, found in more than half the distal muscles examined. Slowing in motor conduction in the lateral popliteal nerve was the only electrophysiological change correlated to the severity of the neuropathy, and no other electrophysiological parameter was correlated to the duration or the severity of the neuropathy or the diabetes. An onset of neuropathy before or simultaneously with the manifestations of the diabetes, as well as the frequent occurrence of asymptomatic changes in sensory conduction, support the evidence at hand that the neuropathy develops concomitantly with and as an integral part of the metabolic disturbance rather than as a consequence of the vascular complications of diabetes. Of three patients with clinical signs or symptoms of a diabetic amyotrophy, two had asymptomatic electrophysiological abnormalities in distal nerves and muscles, consistent with widespread involvement of the peripheral nerves. The third patient had electromyographic changes in the medial vastus muscles suggestive of a myopathy. Motor and sensory conduction in distal and proximal nerves were normal.
SUMMARY In 30 patients with diabetic neuropathy sensory potentials in the median nerve, motor conduction in the lateral popliteal and median nerves, and electromyographic findings in distal and proximal muscles were compared with the severity of symptoms and signs. All patients had abnormalities in at least one of the electrophysiological parameters. The sensory potentials were the most sensitive indicator of subclinical involvement; abnormalities were found in 24 patients, 12 of whom had no sensory symptoms or signs and five of whom had no other clinical or electrophysiological evidence of neuropathy in the upper extremities. This indicates that sensory nerve fibres may be affected before motor. The next most sensitive parameter was the presence offibrillation potentials, found in more than half the distal muscles examined. Slowing in motor conduction in the lateral popliteal nerve was the only electrophysiological change correlated to the severity of the neuropathy, and no other electrophysiological parameter was correlated to the duration or the severity of the neuropathy or the diabetes. An onset of neuropathy before or simultaneously with the manifestations of the diabetes, as well as the frequent occurrence of asymptomatic changes in sensory conduction, support the evidence at hand that the neuropathy develops concomitantly with and as an integral part of the metabolic disturbance rather than as a consequence of the vascular complications of diabetes. Of three patients with clinical signs or symptoms of a diabetic amyotrophy, two had asymptomatic electrophysiological abnormalities in distal nerves and muscles, consistent with widespread involvement of the peripheral nerves. The third patient had electromyographic changes in the medial vastus muscles suggestive of a myopathy. Motor and sensory conduction in distal and proximal nerves were normal.
Previous studies of electrophysiological changes in diabetic neuropathy have dealt with fibrillation potentials, polyphasic potentials, or conduction velocity in motor and, in a few instances, mixed and distal sensory nerves (Downie and Newell, 1961; Lawrence and Locke, 1961; Mulder, Lambert, Bastron, and Sprague, 1961; Skillman, Johnson, Hamur, and Driskill, 1961; Gilliatt and Willison, 1962; Wiesendanger and Bischoff, 1962; Fagerberg, Petersen, Steg, and Wilhelmsen, 1963; Mayer, 1963) . Electrophysiological parameters in the same patient have not been compared and there are few studies of sensory conduction and none of conduction along the whole nerve.
The aim of this study, then, was to investigate in patients with diabetes mellitus the different electrophysiological parameters, to see how they correlated with clinical findings, and to look for electrophysio- 'Fellow of the Canadian Medical Research Council. logical abnormalities in the upper extremities before they had become clinically involved.
MATERIAL AND METHODS
PATIENTS Of the 30 patients examined, half were consecutively referred to the University Hospital for electrophysiological study, the others were from a clinic for diabetics (Hvid0re Hospital). The patients had been hospitalized because of their diabetes mellitus and had signs or symptoms suggestive of neuropathy. Their mean age was 50 years, 23 were 40 to 60 years old, three were 29 to 31 years old, and four were 61 to 67 years old. The diabetes began in maturity (> 40 years) in 16 patients, and was of the so-called juvenile-onset type in 14 patients (onset at 40 years or less). The neurological examination at the time of the electrophysiological study included quantitation of the vibratory threshold at the distal phalanx of the big toe and of the index finger by means of an electrically driven vibrator (Jersild and Lauritzen, 1967) , and of the threshold for electrical current pulses when stimulating digits I, JI, and III (Buchthal and Rosenfalck, 1966a (Garland, 1955 (Buchthal and Rosenfalck, 1966b) .
ii unit potentials occur with a 3 % probability in a normal subject (Caruso and Buchthal, 1965) .
2 MOTOR CONDUCTION AND EVOKED MUSCLE ACTIO N POTENTIALS Motor conduction was studied in the lateral popliteal and the median nerve. A supramaximal stimulus (0-2 msec, 10 mA, six times the motor threshold) was applied through needle electrodes successively at two sites to the lateral popliteal and at three sites to the median nerve. The evoked potentials were recorded by concentric needle electrodes placed in the end-plate zone at the point of maximum response in the m. extensor digitorum brevis or the m. abductor pollicis.
The following parameters were compared with findings in normal subjects of the same age (Table 5 , Trojaborg, 1964; Gassel and Trojaborg, 1965) .
i The distal conduction time measured to the onset of the evoked potential and corrected to a standard distance (Slomic, Rosenfalck, and Buchthal, 1968) .
ii The peak-to-peak amplitude of the evoked potential.
iii The shape of the potential, characterized as polyphasic when it had five or more phases.
iv The conduction velocity of the fastest fibres.
3 SENSORY CONDUCTION Sensory potentials were recorded in the median nerve at wrist, elbow, and axilla using the method described by Buchthal and Rosenfalck (1966a) . The stimulus was supramaximal (20 to 70 mA) and the stimulus current was recorded on a separate channel.
The following parameters of the sensory responses were compar.ed with findings in normal subjects (Table 6 , Buchthal and Rosenfalck, 1966a) .
i The distal conduction velocity. The scale of velocities given below the potentials of Figs. 1, 6 and 8 refers to the different nerve fibres contributing to the potential (cf. reconstructions in Buchthal and Rosenfalck, 1966a) .
ii The peak-to-peak amplitude of the potential recorded at wrist.
iii The duration of the potential at wrist, measured from the onset of the initial positive deflection to the intersection of the descending phase of the spike with the base line.
iv The shape of the potential; whether it was regular, irregular or split into more than three phases (Fig. 1) .
v The velocity of the fastest fibres between wrist and elbow and between elbow and axilla. When the potentials at elbow and axilla were less than 1 to 2 1sV the number of stimulated nerve fibres was increased by stimulating digits 1,1, and III as described (Buchthal and Rosenfalck, 1966a) . TEMPERATURE The limbs were heated before each examination and maintained at 33 to 35°C during the study. This is of special importance in diabetes because of the associated vascular changes (Martin, 1953) . The temperature was measured by a thermocouple placed above the sites of stimulation and by a thermoneedle inserted near the nerve and in the muscle. STATISTICAL EVALUATION The significance of differences between findings in patients and normal subjects was tested by means of the t test (Fisher. 1946) 1 ELECTROMYOGRAPHIC FINDINGS Fibrillation potentials, positive sharp waves, or both occurred in two-thirds of the patients, more frequently in distal than in proximal muscles and more frequently in the muscles of the foot than in the muscles of the hand (Table 3) . Loss of motor units during full effort occurred in half of the muscles examined, more often in distal muscles of the foot than in other muscles.
When the neuropathy had been present for more than a year, severe loss of motor units was twice as common. The average duration of motor unit potentials in distal muscles was increased in half of the extensor digitorum brevis and in one-third of the abductor pollicis brevis muscles examined (Tables 3,  4 , Fig. 2 ). The incidence of polyphasic potentials was above 12% in half the muscles examined, as often One of the patients with diabetic amyotrophy had electromyographic changes in both medial vastus muscles suggestive of myopathy: the paretic muscles showed an interference piattern during full effort, the mean action potential ;duration was decreased by 20 % or more, and the incidence of polyphasic potentials was 30%, the potentials often being of the 'short spike' type.
MOTOR CONDUCTION AND EVOKED MUSCLE ACTION
PoTENTIL4s Lateral popliteal nerve The distal conduction time from ankle to the m. extensor digitorum brevis was increased by 18% and the conduction velocity between capitulum fibulae and ankle was slowed by 28 % (Fig. 4) . Distal conduction was slowed in 13 and conduction from the capitulum fibulae to the ankle in 24 of the 30 patients. By contrast, the conduction to a more proximal muscle (m. tibialis anterior) was slowed in only five patients. The amplitude of the evoked response in the extensor digitorum brevis was diminished by 50% and the shape was polyphasic in nearly half of the patients, consistent with the slowing in conduction and the loss of motor units during full voluntary effort (Table 5) . Slowing in motor conduction was the electrophysiological paramiter most closely correlated with the severityn f the neur.opathy (P < 0.01, Fig. 5 ). This applied when the slowing was related to symptoms and signs in the lower and in both upper and lower extremities.
Median nerve The distal conduction was slowed by 15% and the conduction along the arm by 10% (P < 0-01, Fig. 4) . Distal conduction was slowed in 12 patients-that is, in as many as had slowing in the legs. Slowing between wrist, elbow and axilla occurred in only five patients, more rarely than in the peroneal nerve. (Table 5 ).
18% (digits II and III) (P < 0001) and in the velocity along the arm 7 % (P < 0 05) (Fig. 7) . The average of all sensory potentials recorded at wrist (Buchthal and Rosenfalck, 1967) . This is consistent with the pronounced increase in temporal dispersion of the sensory potentials evidenced by a long duration often associated with irregularities in the shape (Table 6 ). An antidromic sensory potential recorded at digit I was absent in all but seven of our patients when the stimulus at wrist was threshold for the motor response. The diagnostic usefulness of this response is limited because it was absent in more than half of the normal subjects of the age class investi- Tables 1 and 2 ). Motor conduction, amplitude and shape of the evoked muscle action potential in the lateral popliteal and in the median nerve (full line). The shaded area indicates the range within which two-thirds of the patients were located (regression line ± standard deviation). Sensory conduction, amplitude and the shape of the evoked response in the median nerve (stippled line). Electromyographic abnormalities in the m.m. extensor digitorum brevis, quadriceps femoris, abductor digitorum brevis (broken line through shaded area). Motor conduction was the only electrophysiological parameter correlated to severity ofclinical impairment (P < 0 001). gated in this study. With stronger stimuli potentials (16 patients) and whether the diabetes was poorly from distal muscles often obscured the onset of the (seven patients) or well controlled (23 patients). antidromic response.
The degree of electrophysiological involvement was DISCUSSION the same whether the onset of the diabetes was before (14 patients) or after the age of 40 years Several workers have demonstrated subclinical Regular potential increased duration patient 4, male, 54 years, diabetes for four years, signs and symptoms of neuropathy for two years with paraesthesiae and pain in feet and calves and questionable sensory impairment in the upper extremities. Sensory and motor conduction were normal in the median nerve. EMG showed fibrillation and polyphasia in the m. abductor pollicis brevis. Distal conduction in the lateral popliteal nerve was slowed. EMG showed loss of motor units, increase in action potential duration, polyphasia and fibrillatios potentials in the m. extensor digitorum brevis. Right: Stimulus 50 mA, 7 x Ts (34'C); patient 9, female, 29 years old, diabetes for 10 years, and amyotrophy with pain, paraesthesiae, weakness, and wasting in the thighsforfive months. No signs or symptoms of sensory or motor impairment in the upper extremities. Distal sensory and motor conduction was slowed in the median nerve. EMG showed polyphasia as the sole abnormality in the m. abductor pollicis brevis. Conduction in the lateral popliteal nerve was slowed between capitulum fibulae and ankle. EMG showed loss of motor units and fibrillation potentials in the m. extensor digitorum brevis and fibrillation potentials andpolyphasia in the m. quadriceps femoris.
*Threshold at which each electrical stimulus was perceived.
involvement of motor nerve fibres in patients with diabetes by comparing motor conduction in groups of patients with motor conduction in normal subjects. These studies concerned patients with or without diabetic neuropathy (Lawrence and Locke, 1961; Mulder et al., 1961; Skillman et al., 1961; Fagerberg et al., 1963; Mayer, 1963; Gamstorp, 1964; EegOlofsson and Petersen, 1966) and mixed groups (Gregersen, 1964 (Gregersen, , 1967 . In the individual patient, slowing in motor conduction was often borderline in the non-affected nerves of patients with isolated peripheral nerve lesions (Gilliatt and Willison, 1962) . Our findings of abnormalities in sensory action potentials in the median nerve of many patients without corresponding clinical signs made it possible to establish the presence of latent involvement in the individual patient. The 50 % decrease in the sensory potentials and their increased temporal dispersion can be accounted for solely by the slowing in conduction without requiring the assumption of loss of fibres (Buchthal and Rosenfalck, 1967) , consistent with the finding of more or less advanced segnental demyelination and remyelination as the predominant histological abnormality (Thomas and Lascelles, 1966, Chopra, Hurwitz, and Montgomery, 1969) . In this connection, it was essential that the procedure made it possible to record a sensory potential at wrist in all patients and in most patients also at elbow and axilla; in previous studies, a sensory potential was absent in more than three quarters of the patients (Downie and Newell, 1961; Wiesendanger and Bischoff, 1962) . The subclinical sensory involvement is in keeping with the findings of demyelination in 17 of 26 peripheral nerves which supplied areas without clinical involvement (Dolman, 1963) (Thage, Trojaborg, and Buchthal, 1963) . They were seen in three patients without other electrophysiological signs of motor or sensory involvement and in the absence of weakness or wasting. In our patients, the incidence of fibrillation potentials was twice that reported by Wiesendanger and Bischoff (1962) and still higher than that reported by Skillman et al., 1961) , probably due to precautions taken to maintain a temperature of 33 to 34°C in the muscles. Without heating the intramuscular temperature was at times as low as 25°C.
The slowing in the lateral popliteal nerve was the electrophysiological parameter most closely related to the severity of the neuropathy (P < 0-001). In previous studies, the average slowing in motor conduction along the median and ulnar nerves has been reported to be as severe as in the lateral popliteal nerve, both in patients with and without clinical signs of neuropathy (Mulder et al., 1961; Lawrence and Locke, 1962; Mayer, 1963; Gamstorp, 1964; Gregersen, 1967) . In our patients distal slowing was as pronounced in the upper as in the lower extremities, but in the more proximal segments of the nerves slowing was two to three times greater in the lateral popliteal than in the median nerve. This is consistent with the findings of Skillman et al. (1961) and of Johnson (1962) and with the more pronounced clinical involvement of the legs than of the arms. That slowing in motor conduction in our patients scattered less than in other series of patients (Mayer, 1963; Eeg-Olofsson and Petersen, 1966) (Calverley and Mulder, 1960) . In addition there was evidence of involvement of distal nerves and muscles with slowing of conduction in the lateral popliteal and the median nerves in agreement with findings in diabetic amyotrophy by Gilliatt and Willison (1962) and Chopra and Hurwitz (1968) . The third patient was the only one with electromyograpoic abnormalities in the medial vastus muscles suggestive of myopathy such as has been described in biopsies as atrophic muscle fibres scattered randomly among normal fibres (Bischoff, 1959; Garland, 1961; Locke, Lawrence, and Legg, 1963; Coers, 1966) . In this patient, motor conduction in the femoral and lateral popliteal nerves as well as sensory conduction in the median nerve was normal, but there were fibrillation potentials in several sites of the abductor pollicis brevis muscle. Except for these patients, electrophysiological studies confirmed the clinical experience of distal rather than proximal involvement. Only the incidence of polyphasic potentials was increased as often in the quadriceps femoris muscle as in distal muscles, indicating proximal damage to motor units at a stage of the disease when there was no proximal weakness or wasting. The polyphasic potentials were more often of the 'grouped potential' type than with 'short spike' duration. 'Grouped potentials' occur in paresis secondary to involvement of the peripheral nerves (Buchthal and Pinelli, 1953) . The increased temporal dispersion in these potentials is due either to slowing in immature distal nerve fibres or in partially demyelinated fibres. In none of the muscles studied was there electrophysiological evidence compatible with anterior horn cell involvement as described by Wiesendanger and Bischoff (1962) . Neuropathy can occur early in the course of diabetes, even before there is other evidence of disturbance in carbohydrate metabolism (Ellenberg, 1958) . In fact, in six of our patients symptoms or signs of neuropathy appeared before or about at the time when the metabolic disturbance was diagnosed. In view of the frequent asymptomatic sensory involvement in the median nerve one might expect similar pre-clinical changes in sensory conduction in the lateral popliteal nerve. The diabetic neuropathy may then be a direct consequence or an integral part of the metabolic defect (Ellenberg, 1964) rather than a secondary effect of the vascular disturbance. In fact, lesions have not been found in the interfascicular and intrafascicular branches of the vasa nervorum in diabetic neuropathy (Greenbaum, Richardson, Salmon, and Urich, 1964; Greenbaum, 1964) nor were there electrophysiological abnormalities in non-diabetic patients suffering from peripheral vascular disease (Chopra and Hurwitz, 1968) . That groups of patients with or without clinical neuropathy exhibited a greater slowing in motor conduction when the diabetes had lasted for more than five years (Gregersen, 1964 (Gregersen, , 1967 does not invalidate this idea. It may merely reflect the increased probability of finding more severe manifestations of a neuropathy when the diabetes has lasted longer. This interpretation is in keeping with the absence of a relation between the clinical duration of the diabetes and the impairment in motor conduction and other electrophysiological abnormalities in the individual patient. 
